The spinal cord contains many descending and ascending longitudinal tracts whose development appears to be controlled by distinct guidance systems. We identified a population of dorsal spinal neurons marked by coexpression of the transcription factor Zic2 and the guidance receptor EphA4. Zic2+; EphA4+ neurons are surrounded by mechanosensory terminals, suggesting innervation by mechanoreceptor afferents. Their axons form an ipsilateral ascending pathway that develops during embryogenesis and projects within the ventral aspect of the dorsal funiculus, the same location as the descending corticospinal tract (CST), which develops postnatally. Interestingly, the same guidance mechanism, namely, ephrinB3-induced EphA4 forward signaling, is required for the guidance of both ascending and descending axon tracts. Our analysis of conditional EphA4 mutant mice also revealed that the development of the dorsal funiculus occurs independently of EphA4 expression in descending CST axons and is linked to the distribution of Zic2+; EphA4+ spinal neurons and the formation of the ascending pathway.
INTRODUCTION
The vertebrate spinal cord contains a variety of longitudinally projecting axon tracts that transmit information from the brain to the periphery and vice versa. The location of these tracts with the exception of the descending corticospinal tract (CST) is conserved across mammalian species (Watson and Harrison, 2012) , but information on the mechanisms that control the formation of these axon tracts is sparse. In the mouse, the CST occupies the most ventral part of the dorsal funiculus (DF) ( Figure 1A ). It connects the cerebral cortex to the spinal cord and provides motor control and reflex regulation. CST axons originate in layer V of the neocortex, descend ipsilaterally through mid-and hindbrain, and most cross the midline in the caudal-most area of the hindbrain, called pyramidal decussation. CST axons further descend in the DF and innervate neurons at specific levels of the spinal cord, ipsilateral to the descending axons (Stanfield, 1992) .
The DF also contains ascending ipsilateral projections that provide somatosensory input to upper spinal segments and the brain. The gracile and cuneate tracts contain the ascending axons from mechanosensory and proprioceptive dorsal root ganglion (DRG) neurons, which project to the lower hindbrain ( Figure 1A ). These tracts also contain axons from dorsal spinal projection neurons, the postsynaptic dorsal column pathway, which synapses in the same hindbrain nuclei as DRG axons do (Giesler et al., 1984; Petit, 1972) . Dorsal spinal projection neurons in the Clarke's column project to the cerebellum via the dorsolateral funiculus and serve as an integration site for descending CST motor output and ascending sensory feedback (Hantman and Jessell, 2010) .
The molecular mechanisms that control the formation of longitudinally projecting axons are not well understood (Sakai and Kaprielian, 2012) . Current evidence suggests that different guidance systems control the formation of ascending and descending, as well as ipsilateral and commissural, axon tracts. For example, members of the Wnt protein family use two different classes of receptors to mediate the formation of long-range axon projections: Ryk to repel descending CST axons (Liu et al., 2005) and Fz3 to attract ascending commissural axons (Lyuksyutova et al., 2003) . Robo receptors and their repulsive Slit ligands also have distinct roles in the guidance of descending versus ascending spinal axon tracts (Sakai and Kaprielian, 2012) . Descending midbrain axons require Slit/Robo signaling to avoid the midline and to form straight fascicles (Farmer et al., 2008) , whereas ascending commissural axon fascicles require Slit/Robo signaling to elaborate the appropriate longitudinal trajectory (Reeber et al., 2008) .
The spinal cord midline expresses the repellent ephrinB3, which prevents EphA4-and EphB-positive axons from aberrantly crossing the midline. Descending EphA4-positive CST axons are prevented from recrossing the ephrinB3+ midline and are guided toward their ipsilateral targets in the spinal cord (Coonan et al., 2001; Dottori et al., 1998; Kullander et al., 2001a Kullander et al., , 2001b ). EphA4-positive local spinal interneurons, components of the ipsilateral central pattern generator controlling locomotion, are also repelled by ephrinB3 at the midline. Normal alternating locomotor activity is mediated by crossed inhibition over the spinal cord. EphA4 knockout mice display a synchronous hopping gait, because the normal inhibition is overridden by aberrant midline crossing of excitatory axons failing to detect ephrinB3 repulsion (Kullander et al., 2003; Butt et al., 2005) . Localized lesions showed that the hopping phenotype is maintained by fibers crossing in the ventral spinal cord (Restrepo et al., 2011) . EphrinB3 also constrains decussated commissural dI1 axons to turn into a longitudinal axonal tract (Imondi and Kaprielian, 2001; Imondi et al., 2000) .
Here, we have used genetic and anatomical experiments to describe a dorsal spinal neuron subpopulation marked by the transcription factor Zic2 and EphA4. We demonstrate that this population requires ephrinB3/EphA4 midline repulsion to form an ipsilateral ascending projection in the DF. The location of this axon tract overlaps exactly with the descending CST axon tract, which develops several days later during early postnatal development. CST axons also require EphA4-mediated guidance as they exit from this axon tract to reach their ipsilateral targets. We further show that the development of the DF occurs independently of EphA4 expression in descending CST axons and is linked to the distribution of Zic2+;EphA4+ spinal neurons and the formation of the ascending pathway. Our findings indicate that a single guidance system, ephrinB3/EphA4, controls the formation of ascending and descending longitudinal axons in the DF.
RESULTS

EphA4+;Zic2+ Dorsal Spinal Cord Neurons Form Ascending Projections
To characterize EphA4-positive spinal neurons, we used the EphA4 PLAP gene-trap allele, which expresses b-gal in EphA4 cell bodies and the axonal marker human placental alkaline phosphatase (PLAP) (Leighton et al., 2001) . At embryonic stage E13.5, the dorsal spinal cord contained a population of EphA4+ cells located medially at both sides of the midline but well separated from it ( Figure 1B) . One day later, EphA4+ cells could be found at the ventral tip of the forming DF, and these cells maintained that position during development ( Figures 1C, 1D , and 1D 0 ). In a screen with markers of dorsal interneurons, we found that EphA4+ cells colocalize with the transcription factor Zic2, a marker for early postmitotic dIL B glutamatergic interneurons (Escalante et al., 2013, Figure S1 .
et al., 2004) ( Figure 1F ). This colocalization seemed to be rather specific for the spinal cord, as Zic2 expression in the motor cortex was absent ( Figure S1G ). To characterize the axonal projections of these neurons, we stained tissue sections with the axonal marker PLAP. At E14.5, the EphA4-PLAP staining pattern suggested that dorsal EphA4+ neurons project into the ipsilateral aspect of the DF, where they form a tight bundle without crossing the spinal cord midline (Figures 2A and 2B ). The same staining pattern persisted in newborn animals ( Figure 2C ). We also used the EphA4 transgenic reporter line Tg(EphA4-EGFP) to visualize EphA4+ neurons and confirmed their projections into the DF (Figures 2D and 2E) . In postnatal spinal cord (SC), EphA4/ EGFP+ axons were confined to the most ventral tip of the DF in exactly the same position as the pioneering descending CST axons ( Figure 2F ). To confirm that Zic2+;EphA4+ projections in the DF were ascending axons, we next performed injections of the tracer rhodamine dextran into the thoracic DF to retrogradely label dorsal SC neurons. Zic2 immunostaining of the traced neurons in SC sections rostral and caudal to the injection site revealed that the majority of Zic2+ traced neurons were found in sections caudal to the injection site, indicating that Zic2+ neurons formed mostly ascending projections ( Figures 2G-2L ). In longitudinal SC sections, EphA4/ EGFP+ projections could be followed as they turn rostral in the DF ( Figure S2 ). Figure S2 .
EphA4 in Dorsal Neurons Guides Their Ipsilateral Projections
To investigate whether EphA4 is required for guidance of these ipsilateral/ascending projections, we generated conditional EphA4 mutant mice lacking EphA4 exclusively in dorsal neurons. We used Lbx1-Cre, which recombines in a broader subpopulation of interneurons, including Zic2+ neurons (Sieber et al., 2007; Herrmann et al., 2010) . Moreover, Lbx1 expression colocalizes with EphA4 (on average 30% of Lbx1+ cells express EphA4) (Gross et al., 2002) ( Figures  S1C and S1D ). Crosses of Lbx1-Cre with reporter mice indicated the expected recombination in embryonic dorsal interneurons ( Figure S3 ). We employed a midline tracing paradigm ( Figure 3A ) to label commissural axons and quantified the degree of aberrant projections in transverse sections (Kullander et al., 2003 Figure S3 ) (Keller et al., 2004 axon crossings after Zic2 RNAi knockdown experiments in embryonic spinal cords (Escalante et al., 2013 , this issue of Neuron) and together indicate a role of Zic2/ EphA4 in guiding embryonic spinal axons into an ipsilateral projection.
EphA4 Ablation Affects Positioning of Dorsal Neurons
When we analyzed EphA4 null mutant spinal cords for Zic2 expression, we observed a pronounced shift in neuron distribution along the mediolateral dimension with higher concentrations of Zic2+ neurons at the midline compared to controls. When we assigned x-y coordinates to cells that would normally express EphA4 (b-gal), Zic2, or both, we observed marked and statistically significant mediolateral (but not dorsoventral) shifts for these subpopulations versus control embryos ( EphrinB3 is a midline repellent for EphA4+ CST and CPG axons (Kullander et al., 2001a (Kullander et al., , 2003 Yokoyama et al., 2001 ). We therefore asked if ephrinB3 would also repel embryonic Zic2+;EphA4+ dorsal neurons. In wild-type cords, ephrinB3 mRNA was highly expressed in the midline, and its dorsal extension reached up to the ventral tip of the DF ( Figures 4N  and 4P ). From E14.5 onward, there was, however, a clear gap between the dorsal tip of ephrinB3 expression and the developing DF in EphA4 mutants, while no changes in ephrinB3 expression were observed (Figures 4O and 4Q; data not shown). Another spinal cord midline marker, Gdf10 (Allen brain atlas), showed the same aberrant gap in EphA4 mutant cords (Figures 4R and 4S) , suggesting that this gap did not arise from downregulation of ephrinB3 expression but rather from a morphological change that exposed a region devoid of midline cells (the ''midline gap''). The most parsimonious explanation for this phenotype is that lack of EphA4 causes cells (and axons) to move to the midline and that this forced a gap between the normal dorsal limit of ephrinB3+ midline cells and the ventral tip of the DF. In agreement, challenging cultures of dissociated dorsal SC neurons from E14.5 Tg(Zic2-EGFP) embryos with preclustered ephrinB3, led to a 2-fold increase in the collapse of Zic2+ growth cones ( Figures 4T-4V ). To ascertain that the morphological defects observed were not due to an early developmental problem in the dorsal spinal cord, we examined early dorsal interneuron differentiation and patterning and found no defects in EphA4 mutants ( Figures  S5A-S5F ).
EphrinB3/EphA4 Forward Signaling Is Required for Ascending Projection
To investigate the underlying molecular mechanism, we examined whether the mediolateral shift of Zic2+ neurons in EphA4 mutant embryos was dependent on ephrinB3 and if so whether EphA4 forward signaling was required. Sections of ephrinB3 knockout embryos showed a similar mediolateral shift of Zic2+ neurons as EphA4 null mutants ( Figures 5A-5C ) and misprojections of axons projecting into the DF (Figures 5G and 5H) 
EphA4 in Embryonic Spinal Cord Shapes the Dorsal Funiculus
Next, we asked whether the dorsal morphological defects are linked to the formation of the DF, which contains both ascending and descending axon tracts. A shallow/flat DF in EphA4 knockouts had previously been linked to midline misprojections of descending CST axons, which arrive in the spinal cord during the first postnatal week (Kullander et al., 2001b) . Our present observation that DF morphology is abnormal from the very beginning (around E14.5; Figures 4N and 4O ) raised the possibility that the development of the DF is somehow connected to the midline guidance of Zic2+;EphA4+ spinal neurons. We quantified the size of the DF in all EphA4 mutants and found that removal of EphA4 specifically from dorsal spinal cord neurons affected DF morphology to a similar extent as in EphA4 null mice ( Figures 6A-6G Figures 7I and 7J ), also with a strongly bilateral response. The laterality index was not different for the forebrain-specific and spinal cord-specific EphA4 mutants. Together, these findings indicate that EphA4 indeed has a cell-autonomous role in guiding CST axons as they exit the DF. They also show that widening of the midline gap in the spinal cord-specific mutants leads to increased CST axon recrossing. These results further indicate that the previously reported CST midline crossing phenotype in EphA4 null mutants has two components: first, CST axons are insensitive to the repulsion by ephrinB3, and second, they recross the midline through a midline gap due to the defect in DF development.
EphA4+; Zic2+ Neurons Receive Mechanosensory Input
To begin to functionally characterize Zic2+ neurons, we used markers for sensory afferents that are known to target dorsal spinal cord neurons. Since EphA4+;Zic2+ neurons are located in a similar medial dorsal position as extensor premotor interneurons, we hypothesized that they are targeted by proprioceptive afferents (Tripodi et al., 2011) . Proprioceptive axons can be stained with parvalbumin (Pv) antibodies, and their terminals express vesicular glutamate transporter 1 (VGluT1) (Hughes et al., 2004) . We found that Zic2+ cells adjacent to the DF were colabeled with VGluT1, whereas Zic2+ cells in a more ventral position were not ( Figure 8A ). This pattern was very obvious in EphA4 mutant mice, where dorsal Zic2+ cells shifted to a medial position and maintained a high degree of colocalization with VGluT1+ terminals ( Figures 8B and 8B 0 ; Figures S6A-S6D ). Moreover, we observed VGluT1 immunoreactivity on cell bodies and processes of Zic2-EGFP+ and EphA4-EGFP+ neurons (Figures 8C-8E ). However, contrary to our expectations, VGluT1+; Pv+ terminals were located in a region distinct from Zic2+ cells, indicating that the majority of Zic2+ cells were not innervated by 
DISCUSSION
Molecular definition and mechanistic insight into the formation of longitudinal spinal projections provide the basis for functional dissection of the circuitry and therapeutic intervention in case of injuries. Our study defined a population of dorsal spinal neurons marked by coexpression of Zic2 and EphA4, forming an ipsilateral ascending pathway in the DF and receiving input from mechanosensory afferent terminals. This axon pathway develops during embryogenesis and ascends within the most ventral aspect of the dorsal funiculus in the same location as the descending CST tract, which develops postnatally. The same guidance cue/ receptor pair, namely, ephrinB3/EphA4, is required for the formation of both ascending and descending axon tracts ( Figure S7 ). Our analysis of conditional EphA4 mutant mice also revealed that the development of the dorsal funiculus occurs independently of EphA4 expression in descending CST axons and that it is tightly linked to the formation of the ascending pathway by EphA4+ dorsal spinal neurons. 
Neuron EphA4 Controls Ascending Spinal Projections
Guidance of Longitudinally Projecting Axon Tracts A recent survey of guidance cues/receptors revealed that members of all classical families of guidance cues (Netrins, ephrins, semaphorins, slits), morphogens (Wnts, Shh), and cell-adhesion molecules are implicated in the pathfinding of longitudinally projecting axons (Sakai and Kaprielian, 2012) . However, considering that these axons traverse a considerable distance before reaching their distant targets, we are far from having a complete understanding of the underlying guidance mechanisms. One of the conclusions of this survey was that distinct guidance mechanisms seem to control ascending and descending, as well as crossing and noncrossing, axons. We were therefore surprised that the ascending tract formed by EphA4+;Zic2+ neurons required ephrinB3/EphA4 midline repulsion to enter the ipsilateral DF and that the descending CST tract required the same guidance system for exiting the DF to find their contralateral targets. It is compelling to conclude that the ascending axons serve as pioneer axons to form an ascending tract, which the following CST axons utilize in the opposite direction. It is possible that ascending and descending axons intermingle, but proving this directly will require the generation of distinct axonal markers in the two neuron populations. We speculate that perhaps other longitudinal tracts that contain ascending and descending axons, such as reticulospinal and spinothalamic tracts in the ventral funiculus, share similar guidance mechanisms for entry into and exit out of these tracts.
Diversity of Spinal Interneurons and Ascending Pathways
Our current understanding of the neuronal circuitry of the dorsal spinal cord is still incomplete despite recent progress. Anatomical and electrophysiological studies have revealed several dorsal spinal neuron populations that project their axons into ipsilateral ascending tracts. Spinocerebellar neurons represent the predominant ascending pathway. This system consists of a dozen or so distinct classes of neurons positioned in the dorsal spinal cord (Matsushita and Hosoya, 1979) , with partial overlap with the position of the EphA4+;Zic2+ subpopulation described here. For example, neurons of the Clarke's column (Hantman and Jessell, 2010 ) are located in a medial region of dorsal horn lamina VII overlapping with the position of the EphA4+;Zic2+ subpopulation. However, these neurons do not project into the DF but rather into the dorsolateral funiculus (Sakai and Kaprielian, 2012 and refs within) and are therefore distinct from the EphA4+;Zic2+ subpopulation. The postsynaptic dorsal column (PSDC) is formed by a heterogeneous subpopulation of dorsal horn neurons, which are located mainly in laminae III to IV and project their axons ipsilaterally in the DF. PSDC pathway neurons have been shown to respond to mechanical and noxious stimuli, and some PSDC axons project in between gracile and cuneate tracts of DF in rodent (Watson and Harrison, 2012) . Here, we showed that EphA4+;Zic2+ neurons are mainly found in deep dorsal spinal cord laminae, they are surrounded by VGluT1+;Ret+ mechanosensory terminals (Luo et al., 2009; Honma et al., 2010) , and their axons ascend ipsilaterally in the ventral DF. Therefore, the EphA4+;Zic2+ subpopulation likely represents a very medially located subpopulation of the PSDC neurons that has not been well characterized before.
Most circuitry of PSDC neurons in rodents is currently unknown (Giesler and Cliffer, 1985) . Our results indicate that EphA4+;Zic2+ neurons are innervated by low-threshold mechanosensory, but not by proprioceptive afferents (Hughes et al., 2004) . Further anatomical and physiological work will be required to elucidate the function of EphA4+;Zic2+ neurons. Based on what is known about Ret+ RA mechanosensory afferents (Johnson and Hsiao, 1992) , it is possible that EphA4+;Zic2+ neurons mediate discriminative touch sensation.
Development of Dorsal Funiculus Linked to Ascending Tract
Our forebrain-specific ablation of EphA4 confirmed that CST axons require EphA4 to prevent them from aberrantly recrossing the spinal cord midline, as shown anatomically with biotinlabeled axons. This increase in spinal midline crossing was sufficient to replace the functionally contralateral CST projection from motor cortex to muscle with a bilateral projection. The DF developed normally in these mice, both in terms of its dorsoventral extension and patterning into discrete bundles of axon tracts. While the patterning of the DF was also preserved in spinal cord EphA4 mutants, the DF failed to enlarge in the dorsoventral direction. This morphological defect became already apparent during embryogenesis, when CST axons had not reached the spinal cord. Since the ascending axons are the only EphA4-positive axons within the DF, we conclude that the defect is caused by the EphA4+;Zic2+ neurons in close proximity of the DF. Although alternative explanations are possible, we propose that in spinal cord-specific EphA4 mutants, EphA4+;Zic2+ neurons fail to recognize the midline repellent ephrinB3 and aberrantly project their axons across the midline. This causes their cell bodies to relocate to a more medial position, which forces a gap between the normal dorsal limit of ephrinB3+ midline cells 
Neuron
EphA4 Controls Ascending Spinal Projections and the ventral tip of the DF. Consequently, the DF fails to extend in the gray matter. An alternative, but less likely, scenario could be that lack of EphA4 in spinal neurons indirectly affects DF growth by an unknown signal. It is also possible that lack of ephrinB3/EphA4 signaling primarily causes movement of neurons into the spinal cord midline and that axon crossing is an indirect consequence of the reorganization of the cells. The fact that ephrinB3 is cell associated and does not form a gradient, and that spatial relocation includes cells that are located several cell diameters away from the midline, makes this scenario less plausible. Instead, axons generally explore the surrounding territory and are likely to touch the ephrinB3+ midline, and cell bodies of migrating interneurons are known to follow their axon (Marín et al., 2010; O'Leary and McDermott, 2011) . Further work, including real-time analysis of cell trajectories in wild-type and mutant spinal cord preparations, would be needed to address this aspect of the phenotype more rigorously.
In conclusion, we have identified a spinal ascending tract coming from a genetically defined spinal neuron population, the location of which overlaps exactly with the descending CST that forms later in development. Moreover, we have characterized the guidance cue/receptor system that controls the ascending tracts ipsilateral projections and show that they are the same as those used by the descending CST to exit the tract. These results provide a significant advancement in our understanding of dorsal spinal longitudinal projections and their guidance mechanisms and set the stage for the characterization of their functions in the future.
EXPERIMENTAL PROCEDURES Mice
EphA4 knockout (Grunwald et al., 2004) , EphA4
PLAP (Leighton et al., 2001 ), EphA4 EGFP (Grunwald et al., 2004) , EphA4 lx (Herrmann et al., 2010) , PGKCre (Lallemand et al., 1998) , Emx1-Cre (B6.129S2-Emx1 (Gorski et al., 2002) , Pax7-Cre (Keller et al., 2004) , Lbx1-Cre (Sieber et al., 2007) , ephrinB3 knockout (Kullander et al., 2001a) , td-Tomato (B6.Cg-Gt(ROSA) 26Sor tm9(CAG-tdTomato)Hze /J) (Madisen et al., 2012) , Ret-Cre ERT2 (Luo et al., 2009) , and Rosa26R (Soriano, 1999) mouse lines were described previously. The Tg(Zic2-EGFP) HT146Gsat/Mmucd and Tg(EphA4-EGFP) EO137Gsat/ Mmucd lines were generated by GENSAT (Gong et al., 2003) . The Tg(EphA4-EGFP) transgenic line was used in a CD1 background. All other mutants were maintained in a comparable mixed 129/Svev x C57BL/6 background. Experimental procedures and animal care were carried out in accordance with the European Community Council Directive of November 24, 1986 (86/609/EEC), and approved by the ethics committee in charge of animal experimentation at the Regierung von Oberbayern (number 552-1-54-2531-24-10) and the Institutional Animal Care and Use Committee (IACUC) of the University of Pennsylvania and the National Institutes of Health guidelines.
Genetic Labeling of Rapidly Adapting Mechanoreceptors
Pregnant female mice were treated with 4-HT (1 mg, 2 mg, and 1 mg at E10.5, E11.5, and E12.5) by oral gavage to specifically label RA mechanoreceptor population (Luo et al., 2009) .
Immunofluorescence Embryos or spinal cords were dissected and fixed in 4% paraformaldehyde (PFA) in PBS for 2 hr and cryoprotected in 30% sucrose. Transverse cryostat sections (20-25 mm) were permeabilized with 0.5% Triton X-100 in PBS and incubated in blocking solution (5% donkey serum, 5% BSA, 0.1% Triton X-100 in PBS). Primary antibodies were incubated overnight in blocking solution at 4 C, followed by 1.5 hr incubation with Alexa fluorescent conjugated donkey secondary antibodies (Jackson Immunoresearch) 1:800 in blocking solution. Nuclei were visualized by To-Pro-3 (Bink et al., 2001 ) (Molecular Probes) 1:3,000 in PBS at room temperature (RT). The following primary antibodies were used: chicken anti-b-gal (Abcam) 1:2,000, mouse anti-Brn3a (Developmental Studies Hybridoma Bank) 1:1,000, guinea pig anti-Lbx1, guinea pig anti-Tlx3 (gifts from C. Birchmeier, Max-Delbrü ck Center, Berlin), rabbit anti-Pax2 (Invitrogen) 1:1,000, rabbit anti-Lim1/2 (gift from A. Huber, Helmholtz Center Munich), rabbit anti-Zic2 (gift from E. Herrera, Neuroscience Institute Alicante), mouse anti-Parvalbumin (Swant) 1:1,000, goat anti-TrkB (R&D) 1:500, rabbit anti-CGRP (Calbiochem) 1:2,000, guinea pig anti-VGluT1 (Millipore) 1:3,000, mouse anti-GFP (JL-8, Clontech) 1:1,000, rabbit anti-GFP (Molecular Probes) 1:1,000, and rat anti-Ctip2 (Abcam, clone 25B6) 1:500. Sections were mounted with fluorescence mounting medium (DAKO). Images were acquired with an Olympus FV1000 confocal microscope. Colocalization analysis was done in single confocal z-sections. Measurements were performed using FiJi/ImageJ softwares.
Retrograde Neuronal Tracings
For commissural interneurons (CINs) tracings, spinal cords were dissected from neonatal mice at P0-P1 in ice-cold oxygenated (95% O 2 , 5% CO 2 ) artificial cerebrospinal fluid (aCSF: 128 mM NaCl, 4.69 mM KCl, 2.5 mM CaCl 2 , 1.25 mM MgSO 4 , 1.18 mM KH 2 PO 4 , 25 mM NaHCO 3 , and 22 mM glucose). Dextran, Rhodamine-Green 3000MW was used as described previously (Wegmeyer et al., 2007) . A sagittal cut was made parallel to the ventral commissure along the entire L3 segment, and a small crystal of tracer applied with the tip of a fine tungsten needle. Preparations were incubated in oxygenated aCSF at RT overnight. Samples were fixed in 4% PFA in PBS for 2 hr. Vibratome sections (50 mm) were mounted with fluorescence mounting medium (DAKO). Images were acquired with an Olympus FV1000 confocal microscope. Maximum stack projections were analyzed with ImageJ software to quantify the degree of intrasegmental projections across the midline in the dorsal and ventral spinal cord. The number of pixels was calculated in two mirror ROIs (contralateral [cROI] and ipsilateral [iROI] in the gray matter between the central canal and dorsal funiculus [dorsal] and the central canal and floor plate [ventral] ). To account for the different amount of tracer applied, a contralateral index was calculated by dividing the number of pixels measured in the ventral and dorsal cROI by the total amount of traced pixels (iROI +cROI) 3 100 in both dorsal and ventral regions. For tracing Zic2+ neuron projections, E18.5 spinal cords were dissected and kept in oxygenated aCSF. A 6% tetramethylrhodamine-dextran (3000MW, Invitrogen) solution in PBS was injected into the dorsal funiculus at the thoracic level and allowed to diffuse o/n at RT. Spinal cords were processed for immunofluorescence and labeled sections rostral and caudal to the injection point analyzed.
Anterograde CST Tracings
Tracing of the corticospinal tract was done as previously described (Kullander et al., 2001b ) (see also Supplemental Experimental Procedures). To quantify the number of ipsilateral CST axons, the number of pixels in the dorsal gray matter was calculated in two mirror ROIs (iROI and cROI) in the gray matter above the central canal, using the ImageJ software. To account for the variability of BDA labeling efficiency among mice, an ipsilateral index was calculated by dividing the number of pixels measured in the iROI by the total amount of traced pixels (iROI +cROI) 3 100.
Dissociated Dorsal Spinal Cord Neuronal Cultures
Neuronal cultures were done from E14.5 Tg(Zic2-EGFP) embryos as described previously (Langlois et al., 2010) . Neurons were plated on precoated coverslips with poly-D-lysine (BD, Biocoat) and incubated with 5 mg/ml laminin o/n. After 2 days in vitro, neurons were stimulated with 2 mg/ml ephrinB3-Fc or Fc preclustered with anti-human Fc antibodies for 30 min at 37 C. Neurons were fixed and stained with Alexa 568-conjugated phalloidin and DAPI.
M1 Electrical Stimulation and Electromyography
For motor cortex stimulation experiments, anesthesia was induced with ketamine/xylazine (100/10 mg/kg BW; intraperitoneally [i.p.]) and maintained using i.p. ketamine injections to render the animal unresponsive to paw pinch. Animals were placed in a stereotaxic frame. Body temperature was maintained at 39 C by a heating pad. A craniotomy was made over the forelimb area of M1.
We used tungsten microelectrodes (Microprobe; 0.1 MOhm impedance; 0.081 mm shaft diameter, 1-2 mm tip diameter). Electrode penetrations were made perpendicular to the pial surface between 0.8 to 2.4 mm lateral to bregma and up to 2 mm rostral to bregma. Motor effects produced by stimulation occurred at the lowest stimulus currents at the same depths at which we recorded multiunit activity with the largest amplitude spikes (typically 0.8-1.0 mm below the pial surface; approximately layer V). Stimuli (45 ms duration train, 330 Hz, 0.2 ms biphasic; every 2 s) were delivered using a constant current stimulator (A-M Systems). The threshold was defined as the lowest current that consistently produced a contralateral motor effect on >50% of trials. Limb posture was the same for all experiments: with the shoulder and elbow extended and the wrist plantar flexed. EMG responses were recorded from biceps muscle bilaterally using percutaneous Ni-chrome wire electrodes (deinsulated 1 mm from the tip) and a differential AC amplifier with low-and high-pass filtration (A-M Systems). We recorded differentially, with two wire electrodes within each muscle and a separate ground. We verified muscle placement by reflex testing (i.e., increased EMG activity with elbow extension). EMG signals were acquired using an analog-to-digital converter (Cambridge Electronic Design) and processed using the program Signal (v. 5.01; Cambridge Electronic Design). For analysis and display, EMGs were rectified. We constructed ''mean of the mean'' averages of responses. Averages were generated from each animal and then averaged data, in turn, averaged with data from all animals in each group. For quantitative analysis, we developed a laterality index, which was the integrated ipsilateral EMG value divided by the contralateral EMG value. To compute this, we determined the integrated EMG value for the contralateral and ipsilateral biceps responses for each animal over a predetermined time window. This window varied somewhat for each animal, depending on the latency and form of the response. The same time interval was used for the ipsilateral and contralateral responses.
Statistical Analysis
Statistical significance was determined using two-tailed unpaired Student's t test in Microsoft Excel and Mann-Whitney U-test in Prism5. Analyses of cell distribution were represented as a sum of two Lorentizian distributions, and the statistical significance was determined using a sum of squares F-test, using Prism5. *p < 0.05, **p < 0.01, ***p < 0.001. All values in the text and in the figure legends indicate mean ± SEM. All error bars in the graphs represent SEM.
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